Fibrocytes are circulating mesenchymal progenitor cells that participate in tissue responses to injury and invasion. Accumulating knowledge from animal models regarding the differentiation, trafficking, and function of these cells implicates them in the development of diseases characterized by chronic inflammation and excessive collagen deposition. Recent data obtained from the clinical setting suggests that the enumeration of circulating fibrocytes may be a biomarker for disease progression in chronic lung diseases including asthma and pulmonary fibrosis. A greater understanding of the immunologic mediators that influence fibrocyte biology suggests new opportunities for therapeutic manipulation of these cells in fibrogenesis. This review integrates new developments in the cellular and molecular biology of fibrocytes with current concepts regarding the etiopathogenesis of fibrosing disorders.
INTRODUCTION
Tissue integrity is maintained by the coordinated activation of cellular responses that counter pathogen invasion and maintain normal architecture. In most circumstances, host immunity acts to restore tissue homeostasis and function. However, in the setting of persistent invasion, injury, immunodeficiency, vascular insufficiency or metabolic abnormalities, reparative processes do not proceed normally and pathologic remodeling occurs 1 . This process, which results in the replacement of normal tissue components with inflammatory cells and connective tissue scar, is the basis for the pathologic changes of asthma 2 , lung fibrosis 3 , chronic kidney disease 4 , liver fibrosis 4 , vasculopathies such as atherosclerosis 5 , and skin abnormalities such as keloids and hypertrophic scarring 6 . Similar reactive stromal responses to neoplasia also promote tumor progression and metastasis 7 . While the current paradigm of tissue repair describes a sequential process that proceeds from injury to inflammation followed by resolution and repair, it is clear that cells recruited during the early response to invasion and injury play a critical role in the ensuing progression of the repair response.
Until recently, it was considered that both normal and dysregulated repair responses originated from the recruitment, proliferation, and activation of local connective tissue cells 4 . Research performed over the last several years however, now supports the contention that connective-tissue/extracellular matrix (ECM) producing cells also develop by alternate pathways such as the reactivation of an embryonic epithelial-mesenchymal pathway 8 or the recruitment of bone marrow derived progenitor cells 9 . Interestingly, the notion of monocytic fibroblast precursors derived from the circulation was first proposed over 150 years ago following the careful microscopic observations of James Paget. Bloodborne, connective tissue cell precursors are described in the writings of Cohnheim, Metchnikov, Fischer, and Maximow [10] [11] [12] and this area has been an active focus of debate for many years, and in many respects it remains so.
FIBROCYTE CHARACTERISTICS Fibrocyte Discovery and Initial Characterization
The "fibrocyte" was described in 1994 as a circulating, bone marrow derived cell with the ability to adopt a mesenchymal phenotype 13 . This cell bears features of both fibroblasts and monocytes, and this combination of connective tissue cell and myeloid features allows its identification by a number of markers. Fibrocytes express the stem cell marker CD34, the pan-hematopoietic marker CD45, monocyte markers such as CD14 and CD11, and they produce components of the connective tissue matrix including collagen-1, collagen-III and vimentin 14 . Originally identified by CD34 and collagen-1 co-expression 13 , fibrocytes may be identified by dual positivity of CD34 or CD45 and collagen-1 or pro-collagen-1. The expression of the progenitor cell marker CD34 engendered the notion that fibrocytes constitute a bone marrow-derived fibroblast population that circulates in the peripheral blood 14 . Human and murine fibrocytes are easily isolated by the expansion of adherent peripheral blood mononuclear on either plastic or fibronectin-coated plates 15 . While enrichment for CD14+ peripheral blood cells increases fibrocyte outgrowth 15 , fibrocytes also are found in stromal cultures of bone marrow, splenocytes, and solid organs 14 . In the normal host, fibrocytes constitute approximately 0.5% of circulating leukocytes 13 . This quantity increases in response to certain cytokines and chemokines or the presence of underlying fibrotic or inflammatory conditions 16, 17 . Fibrocytes exit the circulation at sites of injury and contribute to the formation of granulomas, scars, and remodeled tissue 15 .
The co-expression of CD34 or CD45 with collagen-1 or pro-collagen-1 is considered sufficient to identify bloodborne fibrocytes in most settings 17 . Fibrocytes also produce the matrix components fibronectin and vimentin, and prolyl-hydroxylase has also been a useful marker in some studies 15, 18 . When used in conjunction with pro-collagen detection, leukocyte specific protein-1, which is a p38 MAPK target, identifies fibrocytes in the postburn hypertrophic scar 19 . Other hematopoietic markers expressed by these cells include CD11b, CD13 and MHCII 15 . Fibrocytes lack lymphocyte markers such as CD3, CD4, CD8, CD19, and CD25 13 .
In a more recent study, the expression of CD45RO, 25F9 (a marker of mature macrophages), S100A8/A9 (calprotectin) and a lack of PM-2K (which identifies mature macrophages) identified fibrocytes in the lungs of patients with IPF 18 both in vivo and after in vitro culture. The combination of CD34/CD45/pro-col-1 identified both fibrocytes and a subpopulation of macrophages; this may indicate a common progenitor population. Further work is needed to determine the differentiation pathway of fibrocytes from monocytic precursors. It is noteworthy that fibrocytes may share certain phenotypic features with alternatively activated macrophages, which are also considered to contribute to reparative processes 20 .
Physiologic Role in Wound Repair
Fibrocytes display many properties that are important for wound repair. Upon entry into diseased tissue, fibrocytes can adopt the phenotype of myofibroblasts as evidenced by the loss of CD34 and the acquisition of αsmooth muscle action (α-SMA) expression 15, 21 ; however the extent to which this occurs in different settings of tissue repair remains unclear. Fibrocytes secrete proinflammatory cytokines (TNF, IL-6, IL-8, IL-10, MIP1α/β and metalloproteinases such as and MMP-9 in response to IL-1β stimulation 22 . In addition, fibrocytes may demonstrate a pro-angiogeneic phenotype. They promote endothelial tube formation in vitro and neoangiogenesis within implanted matrigel in vivo. Fibrocytes secrete the pro-angiogenic factors: VEGF, PDGF-A, M-CSF, HGF, GM-CSF, b-FGF and CN-TGF, IL-8 and IL-1β 22, 23 . Fibrocytes also express a number of chemokine receptors that regulate the recruitment and trafficking of inflammatory cells. Lastly, fibrocytes express MHC Class II and demonstrate antigen-presenting capabilities in vitro and in vivo 24 . These functions may be expected to clearly influence the progression of wound healing and tissue remodeling responses. Further insight into fibrocyte function is provided by studies that have examined their differentiation, cell surface markers, and chemokine receptors.
Fibrocyte Differentiation and Trafficking
Fibrocytes have been described to differentiate from a precursor population present within the CD14+ monocyte fraction of peripheral blood 15 . Further studies have determined that this precursor expresses the Fcγ receptor (CD16) 25 and that inhibition of this receptor significantly reduces fibrocyte outgrowth. Fibrocyte differentiation from CD14+ precursors is augmented by the Th2 cytokines IL-4 and IL-13 and inhibited by the Th1 cytokines IFNγ, TNF, and IL-12 26 . A very recent study indicates that fibrocytes differentiate from the CD11b(+) CD115(+) Gr1(+) cells within the CD14+ peripheral blood leukocyte fraction, and that activated T cell subsets enhance fibrocyte outgrowth in culture 27 . However, careful lineage tracing studies will be required to confirm the monocyte origin of fibrocytes under different fibrogenic stimuli.
Signaling pathways implicated in fibrocyte outgrowth include ITIMs, mTOR-PI3 kinase, and ATR2. Treatment of fibrocyte precursors with the Fc receptor antagonist serum amyloid P (SAP), with the mTOR inhibitor rapamycin 28 , or with the ATR inhibitor valsartan 29 attenuates fibrocyte accumulation in mouse models of fibrosis. Our own work indicates that the neuronal guidance protein and immunoregulatory surface molecule Semaphorin 7a critically regulates fibrocyte differentiation in a β1 integrin-dependent manner and that there is a requirement for apoptosis derived signals in this process (Herzog et al, submitted) . In these studies, genetic deletion of the GPI anchored membrane protein Semaphorin 7a significantly attenuated intrapulmonary fibrocyte appearance in a TGFβ1 dependent mouse model of lung fibrosis. This effect was mimicked by disruption of β1 integrin function (a receptor for Semaphorin 7a expressed by fibrocytes) and by blocking apoptosis with the caspase inhibitor Z-VAD/fmk. Fibrocyte outgrowth also was observed to be increased threefold in a β1 integrin-dependent, caspase-dependent manner when human CD14+ cells were cultured in the presence of recombinant Semaphorin 7a.
It has been postulated that the ultimate phenotype of fibrocytes is the contractile myofibroblast 15, [30] [31] [32] . This idea is based on the finding that cultured fibrocytes respond to TGFβ1 by expressing α-SMA and contracting collagen gels in vitro 15, [30] [31] [32] . However, the ability of fibrocytes to differentiate into myofibroblasts in vivo is less clear. Studies using bone marrow transplantation show only a minimal contribution of fibrocytes to α-SMA production in some models [33] [34] [35] , implying that this differentiation pathway may not necessarily be a dominant feature of fibrocytes in the tissue remodeling response.
Fibrocyte Recruitment into Tissues
Murine fibrocytes express the chemokine receptors CCR2, CCR7, and CXCR4; these molecules mediate the recruitment of fibrocytes to injured tissue 30, 36, 37 . Human fibrocytes also express the chemokine receptors CCR3 (eotaxin receptor) and CCR5 (MCP-1 receptor) 31 . While there are only limited data regarding the circulating mediators that effect fibrocyte recruitment in humans, our own work demonstrates an association between circulating concentrations of MCP-1 and high levels of CD45/Pro-Col-1+ve fibrocytes in the circulation of scleroderma patients with interstitial lung disease ILD) or in healthy aging (S. Mathai, submitted). These data suggest that MCP-1 may be involved in mobilization of fibrocytes into the peripheral blood. In addition, high levels of CXCL12, which is the ligand for CXCR4, have been found in the lungs and blood of patients with idiopathic pulmonary fibrosis (IPF) and these levels correlate with circulating fibrocyte concentrations 16 . Nevertheless, the relationship between chemokine production and fibrocyte differentiation and trafficking is an active area of investigation with the potential to lead to new therapies for fibrosing diseases.
ROLE IN PATHOLOGIC DISORDERS AND FIBROSING DISEASES Fibrocytes in Lung Disease
Fibrotic lung disease can affect the airway (asthma) and the parenchyma (pulmonary fibrosis). In both of these disorders the progressive destruction of normal lung tissue leads to lung remodeling and persistent gas exchange abnormalities. Fibrocytes have been implicated in the pathogenesis of both asthma and pulmonary fibrosis.
Asthma
The lungs of patients with chronic asthma demonstrate persistent inflammation and remodeling of the airways. The latter leads to progressive airway obstruction and a permanent impairment in respiratory function. Pathologic examination of these tissues demonstrate subepithelial fibrosis and myofibroblast accumulation. A number of studies have demonstrated fibrocytes in these lesions 21, 38 . The first evidence for fibrocytes in asthma came in 2003 when Schmidt et al demonstrated that the airways of patients with asthma contained fibrocytes (characterized by CD34/pro-collagen-1a expression) and that these cells increased in number following allergen exposure. Concurrent studies in a mouse model of antigen-induced asthma demonstrated that circulating fibrocytes trafficked to the lungs of aerosolized antigen-challenged mice. Once in the lungs, fibrocytes quickly lost CD34 expression and acquired expression of α-SMA, which is consistent with the differentiation of these cells into myofibroblasts 21 . Subsequent studies have found that CD34+/45+/α-SMA+ cells recovered from the bronchoalveolar lavage fluid of patients with asthma display characteristics of fibrocytes; moreover, the presence of fibrocytes correlated with airway basement membrane thickness on histologic sections 39 . Circulating fibrocytes also may be associated with chronic asthma; in one study patients with chronic persistent asthma showed an increase in circulating fibrocytes enumerated by in vitro culture 39 . Interestingly, the presence of increased numbers of circulating fibrocytes displayed a positive correlation with the rate of FEV1 decline. The appearance of fibrocytes in the culture of asthmatic PBMCs was attenuated by the addition of normal serum 38 , thus implying that serum factors are responsible, at least in part, for the increased number of fibrocytes in the circulation of asthma patients. Increased concentrations of fibrocytes also have been detected by direct measurement of these cells in the lungs and the blood of patients with severe chronic asthma 40 .
Pulmonary Fibrosis
The term "pulmonary fibrosis" encompasses a heterogeneous group of disorders characterized by progressive replacement of the lung parenchyma with collagen and ECM components. The most common form of the disease, Idiopathic Pulmonary Fibrosis (IPF), differs from most other types of the disease in both its lack of known etiology and unresponsiveness to therapy.
Intrapulmonary fibrocytes have been detected in several experimental models of lung fibrosis 9, 30, 35, 36, 41 . The earliest suggestions of a contribution of blood-borne cells to fibrotic lung disease was obtained in rodent studies of mesenchymal cells derived from transplanted bone marrow 9, 41 . In 2004, Hashimoto et al utilized the transplantation of transgenic, green fluorescent protein (GFP) labeled whole bone marrow to demonstrate that a large percentage of collagen expressing cells in the bleomycin damaged lung was derived from a bone marrow source, presumably fibrocytes 35 . Follow up studies further showed that the accumulation of CD45/Col-1+ fibrocytes was mediated by specific chemokine pathways, including SDF-1/CXCL4 in a bleomycin lung injury model 30 and CCR2/5/MCP-1 in an inhaled fluorescein isothiocyante (FITC) model 36 . In both of these studies, interruption of the chemokine axis attenuated both fibrocyte accumulation and pulmonary fibrosis.
Several independent research groups now have identified fibrocytes in different forms of fibrotic human lung disease. Reliable methodologies have been developed, and an increase in the absolute quantity or percentage of fibrocytes has been reported 16, 17 . In an initial study, circulating fibrocytes expressed CXCR4 and both lung and plasma levels of CXCL12 were elevated in IPF patients 16 . Moeller et al studied blood from patients with IPF or late stage ARDS and found that those with IPF showed increased percentages of CD45/Col-1+ve fibrocytes. Circulating fibrocyte percentages did not correlate with disease severity; however, especially high percentages were predictive of poor clinical outcome 17 . This report was the first to suggest that fibrocyte measurements may be a useful biomarker in this otherwise intractable and difficult to manage disease. Immunofluorescence analysis of human lungs also has shown that the lungs of patients with IPF contain increased numbers of fibrocytes. These cells cluster in the region of fibroblastic foci and correlate with the number of such foci, which are a pathognomic finding in IPF 42 . Moreover there is an accompanying increase in CXCL12 levels in the blood and BAL fluid of IPF patients who show increased numbers of intrapulmonary fibrocytes 43 . While these studies provide strong support for a role of fibrocytes in the pathogenesis of IPF, it is important to note that there is evidence that additional processes, such as epithelial to mesenchymal transition 8 or the proliferation of post-embryonic fibroblasts 44 , may also contribute importantly to the progression of lung parenchymal fibrosis.
Fibrocytes in Skin Disease
An association between fibrocytes and aberrant wound healing has been described in the studies of Tredgett and colleagues 19 . Murine experiments using subcutaneously implanted wound chambers demonstrated a rapid and robust recruitment of CD34+ vimentin + Col-1+ fibrocytes during the initial inflammatory phase of cutaneous injury 13 . A time-dependent increase in fibrocytes has been noted in multiple forms of human wounds, with scant fibrocytes detected prior to 3 days but a linear increase noted thereafter 45 . Fibrocytes are found at the expanding edge of hypertrophic scars and keloids, and their expression of CD34 decreases over time 46, 47 . High levels of fibrocytes also have been reported in the circulation of burn patients 48 and it has been hypothesized that these cells regulate the activity of surrounding fibroblasts through their secretion of TGF-β1 49 . In burn injury, fibrocyte appearance in wounds tends to peak approximately 33 weeks post injury 50 . Fibrocytes also have been identified in the skin of patients with cutaneous fibrosing diseases such as scleroderma and nephogenic systemic fibrosis, as described further below.
Fibrocytes in Scleroderma and Nephrogenic Systemic Fibrosis
Scleroderma is an autoimmune connective tissue disease characterized by progressive dermal and visceral fibrosis. Scleroderma skin contains increased numbers of connective tissue cells, and a role for fibrocytes in this disorder has been an attractive hypothesis. An early human study examining the presence of CD34+/proline-4-hydroxylase-positive fibrocytes in the skin lesions of scleroderma patients found scant fibrocytes compared to normal controls [reference 52 and unpublished data]. If fibrocytes are involved in the cutaneous manifestations of scleroderma, then these data suggest either a rapid downregulation of CD34 or the selective in situ depletion of this cell type. It also is possible that fibrocytes play a role in the maintenance of normal skin homeostasis and that their activation, differentiation, or loss promotes the accelerated remodeling seen in SSc.
Serum from patients with scleroderma also promotes fibrocyte outgrowth in vitro. This propensity was found in some patients to be associated with a low concentration of SAP 25 . Our own recent work demonstrates that, in accord with what has been reported in IPF, the blood of scleroderma patients with ILD contains increased concentrations of CD45/pro-Col-1+ fibrocytes. This elevation in circulating fibrocytes also is accompanied by increased levels of MCP-1 (Mathai et al, submitted). Moreover, in one reported study of patients with limited scleroderma, which is a clinical subtype in which internal organ involvement is spared, an increase in circulating fibrocytes was not detected 51 . Further work is needed to define the relationship between soluble mediators and fibrocytes, and to determine whether this association may hold prognostic significance for scleroderma patients at risk for developing lung disease, which has become the most frequent cause of mortality in this disease.
Nephrogenic systemic fibrosis (NSF) is a recently described cutaneous fibrosing disorder that exhibits pathologic similarities with scleroderma but occurs exclusively in patients with renal insufficiency who have received gadolinium containing magnetic resonance contrast agents 52 . Skin biopsies from patients with this disease have revealed a striking accumulation of CD34, pro-Col-1+ fibrocytes in the dermis with abundant collagen and connective tissue matrix production 253 (Fig. 1) . In vitro studies have revealed that gadolinium may decrease the ability of endogenous mediators such as SAP and IL-12 to inhibit fibrocyte outgrowth. In addition, monocytes from some patients with NSF demonstrate a gadolinium-induced proclivity to fibrocyte differentiation that is resistant to the regulatory effects of SAP 54 . Whether this property is an intrinsic feature of fibrocytes from those patients destined to develop NSF, or reflects an ongoing disease process remains to be determined. The reason for why fibrocytes are present in such high numbers and are such a prominent feature of the dermatopathology of NSF but not scleroderma remains unclear, but may be due to the acute and abrupt development of skin fibrosis in NSF, or to a greater role for autoimmune pathways in scleroderma.
Fibrocytes in Cardiac Disease
A number of studies have supported the contribution of bone marrow progenitor cells to myocardial remodeling after ischemic injury. Haudek et al used repetitive ischemia reperfusion events to induce global left ventricular dysfunction in mice transplanted with Lac-Z+ bone marrow. β-Galactosidase staining demonstrated a robust contribution of Lac-Z +/ CD34+/αSMA+/Col-1+ fibrocytes to the remodeled left ventricle. A high level of circulating MCP-1, which engages the fibrocyte CCR2 receptor, also was observed. Interestingly, pretreatment of the mice with SAP attenuated fibrocyte accumulation and remodeling, thus suggesting a regulatory role for this acute phase protein in the myocardial response to injury 55 . Fibrocytes also have been postulated to contribute to familial hypertrophic obstructive cardiomyopathy but there is little mechanistic evidence at present to support this hypothesis 56 . CD34+ fibrocyte-like cells are detectable in normal mitral valves. Gross morphologic abnormalities of fibrocytes in the myxomatous mitral valve have been reported 57 , suggesting an involvement of fibrocytes in the maintenance or degeneration of mitral valve anatomy.
Fibrocytes in Liver Fibrosis
The final common pathway for most forms of liver injury, whether infectious, autoimmune, or toxin-induced, terminates with the accumulation of type I collagen and the obliteration of normal liver architecture by fibrosis. This process involves activated myofibroblasts that arise from local fibroblast precursors such stellate cells and portal fibroblasts 58 , and a minor contribution of hepatocyte to fibroblast transition 59 . Fibrocytes also contribute to hepatic fibrosis, at least in part, as bone marrow transplantation studies demonstrate that bone marrow derived fibrocytes which express CD45 and Col-1 appear in the recipient liver. Most of these cells do not co-localize with α-SMA in vivo, however, so their contribution to hepatic myofibroblast accumulation remains unclear 34 . Interestingly, an examination of liver tissue obtained from human bone marrow transplants with cirrhosis revealed that >10% of α-SMA expressing cells are of donor origin, indicating a bone marrow source for hepatic myofibroblasts. These cells did not meet strict immunochemical criteria for fibrocytes (CD45 expression) but their donor origin suggests a role for bone marrow derived cells 60 .
Fibrocytes in Renal Fibrosis
As in other organ specific fibroses, the contribution of fibrocytes to kidney repair and remodeling is an ongoing field of investigation. Chronic kidney disease is a major public health burden that results from a variety of acute or chronic conditions. It is characterized pathologically by glomerulosclerosis and interstitial fibrosis with increased leukocytes and ECM accumulation 61 . Animal modeling studies also have implicated circulating fibrocytes in these processes. In a model of unilateral ureteral obstruction (UUO), fibrocytes appeared in injured parenchyma in a time dependent fashion and the accumulation of these cells in renal tissue was inhibited by blockade of the CCR7/SLC axis. This intervention also decreased fibrosis 37 . Fibrocytes also have been identified in a model of renal ischemiareperfusion injury and up to 20% of the myofibroblast pool identified 28 days after injury was of bone marrow origin 62 . While interventions that affect fibrocyte recruitment or accumulation are ameliorative in renal fibrosis, the precise mechanisms by which fibrocytes promote renal fibrosis are not clear. Bone marrow transplantation studies using either Lac-Z 63 or GFP labeled bone marrow 33 followed by kidney injury found that fibrocyte infiltration does not co-localize with collagen deposition, suggesting that other cell types are the predominant source of collagen in this model. Conclusions from the bone marrow transfer studies are necessarily qualified by the experimental limitations of such models; for instance transgenes may sometimes fail to identify donor derived cells 64 . Alternatively, fibrocytes may infiltrate sites of tissue injury but contribute indirectly to collagen production, perhaps by inducing the recruitment or activation of other connective tissue cell types. There is also histologic evidence for fibrocytes in the tubulointerstitial lesions of patients with chronic kidney disease 65 ; however, their pathologic significance remains to be clarified.
Fibrocytes in Aging
Most work examining fibrocytes has investigated their role in different fibrosing disorders. However two recent studies show that circulating fibrocytes also increase in number during normal aging. One study, which used a murine model of accelerated aging (senescence-accelerated prone mice) found increased levels of CXCR-expressing fibrocytes in the blood of these mice when compared to wild type controls. The senescence-prone mice also displayed increased lung fibrosis when exposed to intratracheal bleomycin suggesting that the increased fibrocytes contributed to disease 66 . Our own work demonstrates that the blood of healthy aged individuals contain increased concentrations of CD45+/Col-1+ fibrocytes and high circulating levels of MCP-1 and IL-13 (Mathai et al, submitted). Whether such an increase in circulating fibrocytes is due to an increase in the efflux of fibrocytes from the circulation or to an elevated expression of chemokine recruitment signals from aged or injured but clinically silent tissue sites remains to determined. These data suggest that fibrocytes may be associated with certain aging phenomena. Fibrocytes may have a physiologic role in the maintenance of tissue integrity or a pathologic role in the development of age-associated sequelae.
Fibrocyte T Cell-Interactions and Immune Mediated Fibrosis
While it was reported some years ago that a monocyte to fibrocyte transition is facilitated by contact with lymphocytes 15 , a specific mechanism has been defined only recently. Studies in a murine model of UUO demonstrate that Gr-1+, CD11b+ monocytes require direct contact with naïve CD4+ T cells to differentiate into collagen expressing fibrocytes. This transition is inhibited by T cell activation both in vitro and in vivo. Furthermore, treatment with calcineurin inhibitors promoted fibrocyte differentiation and tissue fibrosis while treatment with IL-2 and TNF significantly reduced these outcomes 27 . This study raises the possibility that lymphocytes play a critical role in the pathogenesis of different fibrosing disorders by modulating fibrocyte function in situ. Given the emerging role of regulatory T cells (T regs) in the development of such diverse diseases as asthma 67 , IPF 68 , and renal fibrosis 69 it is intriguing to speculate that specific T cell subpopulations regulate fibrocyte outgrowth from monocytes. These investigations add an important new dimension to studies of the pathogenesis and maintenance of the fibrotic response that could have both preventative and therapeutic implications for immune mediated fibrosis.
PROSPECTS FOR THERAPEUTIC INTERVENTION
Fibrocyte directed therapies may target several checkpoints including differentiation, trafficking, and function (Fig. 2) . SAP, which inhibits fibrocyte outgrowth in vitro and fibrocyte accumulation in vivo, has shown encouraging results in preclinical studies of lung, heart, and renal fibrosis and a phase I clinical trial for the prevention of corneal scarring has commenced (M. Lupher, personal communication). Modulation of the PI3 kinase-mTOR pathway, as supported by the studies of Neidermeier et al 27 , may have therapeutic potential as may approaches that target the Semaphorin-7a-β1 integrin axis and/or caspase activation. Interventions that target the receptors and chemokines mediating fibrocyte trafficking and accumulation such as MCP-1, SLC and SDF-1 also may be beneficial in selected disorders. Finally, further delineation of the regulatory role of T cells and the adaptive immune response in fibrocyte biology may lead to novel forms of immunotherapy targeting the lymphocyte-fibrocyte interaction. Given the lack of therapeutic options currently available for the treatment of systemic or organ specific fibrosis, it is hoped that such approaches ultimately find clinical utility in these progressive and inexorable disorders.
CONCLUSION
Fibrocytes are mesenchymal progenitor cells that have been shown to contribute to many forms of tissue fibrosis in both experimental and clinical settings. They have the potential to function as biomarkers or even therapeutic targets in human disease. Investigation of how chemokines, semaphorin 7a, and apoptosis promote fibrocyte accumulation may lead to novel therapies for such diverse diseases as IPF, scleroderma, and asthma. While fibrocytes may be considered a component of the innate response to tissue injury, the regulatory role of T cells in fibrocyte differentiation is an emerging area warranting further investigation. Further understanding of the factors that control fibrocyte biology may unveil new opportunities for the therapeutic manipulation of these cells in fibrotic disease. Fibrocyte origin, differentiation, migration and function.
